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PREFACE 

This  work  was  presented  in  a  somewhat  abbreviated  form  as  a  paper  at 

the  IRE  International  Convention,  March  1962.   "The  Coupling  and  Mutual 

Impedance  Between  Conical  Log-Spiral  Antennas  in  Simple  Arrays  ',  Proc. 
of  the  1962  IRE  International  Convention,  Vol.  I. 


ABSTRACT 

rhe  radiation  characteristics  of  the  conical  logarithmic  spiral  antenna 
make  it  attractive  as  an  element  for  circularly  polarized  arrays.   The  de- 
sign of  such  arrays  requires  a  knowledge  of  the  radiation  coupling  and  mu- 
tual impedance  between  these  log-spiral  elements  as  a  function  of  rotation 
*?  well  as  element  spacing,  and  for  some  array  configurations  a  knowledge  of 
the  location  of  the  phase  center  of  the  elements, 

A  general  consideration  of  the  conical  log-spiral  antenna  as  a  locally 
periodic,  slow  wave  structure  is  outlined,,  and  in  so  doing  a  quasi-empirical 
formula  for  the  location  of  the  antenna  phase  center  is  developed. 

This  investigation  of  the  mutual  impedance  between  the  log-spiral  an- 
tennas has  shown  it  to  be  very  low.   Information  on  the  mutual  impedance 
and  on  the  coefficient  of  coupling  between  antennas  is  supplied  for  two  dif- 
ferent geometrical  array  configurations  and  for  various  antenna  parameters . 
Pattern  modification  due  to  the  presence  of  parasitic  elements  has  been  in- 
vestigated ,,   For  element  to  element  spacing  of  at  least  one  half  wavelength, 
this  consists  primarily  of  an  increase  in  beamwidth .   Radiation  patterns  for 
several  arrays  are  shown. 
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1.   INTRODUCTION 

There  are  many  applications  which  require  a  circularly  polarized  field 
with  narrower  beamwidths  and  higher  gains  than  can  be  secured  with  the  indi- 
vidual planar  and  conical  logarithmic  spiral  antennas  which  have  been  developed 
to  date  .   Many  of  these  applications  have  been  filled  by  constructing  arrays 
of  helical  antennas.   For  wide-band  applications,  it  would  appear  that  a  con- 
siderable advantage  could  be  obtained  from  the  extremely  wide  bandwidth  of 
the  conical  log-spiral  antenna  as  an  array  element .   Thus,  although  the 
array  factor  of  conventional  arrays  would  be  a  limiting  factor,  the  element 
factor  could  be  made  essentially  independent  of  frequency  over  a  consider- 
able band  of  frequencies.   In  addition  to  bandwidth,  the  conical  log-spiral 
antenna  is  unique  in  that  the  radiated  fields  are  essentially  circularly 
polarized  over  considerable  angles  off  the  axis  of  the  antenna. 

There  are  various  geometrical  configurations  that  can  be  used  when 

2 

arraying  the  conical  antennas.    Four  of  these  are  shown  in  Figure  1.   The 

parallel  array  and  the  collinear  array  would  have  a  frequency  dependent 
array  pattern;  however,  the  conical  array  and  coaxial  arrays  could  theo- 
retically be  designed  to  be  independent  of  frequency.   The  geometry 

of  the  conical  array  is  that  used  by  DuHamel  and  Berry  when  arraying  log- 

3 
periodic  elements.    This  geometry  limits  the  array  to  a  few  log-spiral 

elements;  therefore,  to  obtain  very  narrow  beamwidths  from  an  array  the  con- 
ventional parallel  configuration  may  offer  the  only  solution.   In  addition 
to  the  use  of  arrays  as  primary  radiators,  consideration  has  recently  been 

given  to  using  an  array  of  two  contrawould  conical  log-spiral  antennas  as 

4-6 
the  feed  for  large  parabolic  tracking  antennas. 

The  design  of  arrays  of  conical  antennas  requires  a  knowledge  of  the 

radiation  coupling  between  antennas  to  determine  the  effect  on  the  element 

pattern,  and  the  mutual  impedance  between  antennas  to  compute  the  element 

terminal  impedance.   Since  a  simple  rotation  of  these  antennas  about  their 

axes  allows  phasing  of  the  array,  a  knowledge  of  the  radiation  coupling  and 

mutual  impedance  as  a  function  of  rotation,  as  well  as  a  function  of  element 

spacing,  is  desirable.   The  determination  of  the  element  to  element  separation 

requires  a  knowledge  of  the  location  of  the  element  phase  center.   The  purpose 


PARALLEL     ARRAY 


CONICAL     ARRAY 


COAXIAL      ARRAY 


COLLINEAR     ARRAY 


Figure  L   Possible  Arrays  of  the  Conical  Log-Spiral  Antenna 


of  this  paper  is  to  supply  this  information  for  parallel  and  conical  linear 
arrays  over  a  restricted,  although  representative,  range  of  antenna  para- 
meters .   Experimental  information  is  also  supplied  on  the  radiation  patterns, 
half-power  beamwidth,  and  axial  ratio  of  typical  two  and  three  element  parallel 
and  conical  arrays . 


THEORETICAL  CONSIDERATIONS 


2ol  Coupled  Antennas 

Consider  a  two  element  array  in  which  currents  I   and  I   flow  as  a 

result  of  voltages  V  and  V  applied  across  the  feed  terminals  of  the  two 
1       2 

elements.  As  far  as  these  terminal  voltages  and  currents  are  concerned, 
the  two  antennas  may  be  represented  by  the  general  four-terminal  network 
in  Figure  2a . 

In  this  network,  Z    is  the  mesh  impedance  of  mesh  1  (less  the  genera- 
tor impedance)  and  is  the  impedance  of  antenna  1  with  antenna  2  present  and 
open  circuited  (not  equal  to  the  self -impedance  of  antenna  1  when  isolated). 
Thus,  we  have 


Vl  =  Zll  h   +   Z12  h 


V2  -  Z21  h   +  Z22  *2 


(1) 


where  Z  is  the  mutual  impedance  between  the  antennas.  In  the  usual  case 
where  the  medium  is  reciprocal,  Z  =  Z  .  If  V  =  0,  the  input  presented 
to  the  generator  at  reference  plane  A  by  antenna  1  with  antenna  2  present 
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Rearranging;  we  can  express  this  ratio  as 
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Figure  2.   Equivalent  Network  for  Coupled  Antennas 


The  complex  number  k  is  defined  to  be  the  coefficient  of  coupling  between 

7  8 
antennas  one  and  two  '     ..  For  identical  antennas  Z   =  Z   and 

Z12  -  k  Zu  (5) 

If  antenna  1  is  driven  and  antenna  2  open  circuited,  I   =  0,  and  it  can 
be  shown  that 

k  =  /  (6) 

I  1 


Thus  the  measurement  procedure  is  reduced  to  the  determination  of  one  im- 

9 
pedance  and  the  complex  ratio  of  two  voltages  .   This  method  has  advantages 

of  accuracy  and  ease  of  measurement  over  the  short  circuit-open  circuit 
method  or  the  symmetric-antisymmetric  method  when  measuring  low  values  of 
mutual  impedance o   These  advantages  have  been  pointed  out  by  Stratoti  and 
Wilkinson  who  measured  the  coupling  between  short  helices. 

The  impedance  of  tfte  antenna  and  its  mutual  impedance  with  the  other 
antenna,  referred  to  the  feed  terminals,  are  the  basic  quantities  of  interest 
However  for  the  conical  log-spiral,  which  radiates  a  broad  lobe  off  the  apex 
of  the  cone,  it  is  not  practical  to  attempt  to  measure  the  magnitude  and 
phase  of  the  voltage  across  the  feed  terminals  which  are  situated  at  this 
apex.   Thus  it  is  necessary  to  measure  the  coupling  and  mutual  impedance  at 
some  length  of  a  transmission  line  and,  taking  into  account  line  loss,  trans- 
form these  quantities  down  this  line  to  the  antenna  terminals-.   Consider  the 
equivalent  network  in  Figure  2(b) „  Although  it  is  not  convenient  to  establish 
and  measure  the  open  circuit  voltage  at  reference  plane  A   (apex  terminals 
of  antenna  2),  it  is  still  desirable  to  use  the  impedance-voltage-ratio 
method,  hence  we  force  I  ',  the  current  at  the  desired  reference  plane  B 
to  be  zero.   For  I  *  =  0,  and  Z   =  Z   ,  the  terminal  impedance  Z    and 

&>  X  X       A  A  XX 

the  mutual  impedance  Z    can  be  expressed  in  terms  of  the  measurable  quan- 
tities Z'   ,  Z!    and  Z'    at  reference  planes  B  and  B  .  and  the  charac- 
teristic  impedance  and  length  of  the  transmission  lines  involved,  by  the 
following  equations: 


JZo    tan   pia 


zIr  ig-  -Jzo tan  p»i 


zo-j(z;i- 


12 
?22/ 


an   pi 


jZo   Cot    Pi2 
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o  VjZll   tan  (^ 
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and 


2       2  Z'ifJZo  tan  P'l 

Z    =  Z    -  iZ  Z  Cot  Si   -  z   z — 

12     11    J  11  o     P  2     11  o  Z  -jZ'    tan  pi 

o    11     ^  1 


Z'1-jZo  tan  Pii 


o  Z  -jZ    tan  pi 
o    11        1 


jZQ  Cot  pi2 


(8) 


If  i   =  i_  and  Z   '  =  Z   '  only  one  impedance  measurement  is  required. 
These  equations  are  developed  in  the  appendix-   Since  in  practice  the  antennas 
will  be  fed  by  a  transmission  line  of  arbitrary  length,  ralations  transforming 
the  terminal  impedances  Z    and  Z    away  from  the  antenna  terminals  are  also 
given  in  the  appendix  = 

The  coupled  energy  measured  at  the  antenna  terminals  may  be  only  a 
partial  indication  of  the  interaction  of  antennas  operated  in  an  array. 
This  is  true  in  particular  for  traveling  wave  antennas.   Recently  Rupp 
has  proposed  that  this  measured  characteristic  be  referred  to  as  the  "terminal 
coupling  factor"  to  differentiate  it  from  a  "pattern  modification  factor". 
He  aptly  points  out  that  since  traveling  wave  antennas  may  couple  to  each 
other  in  a  directional  manner,  a  pair  of  such  antennas  may  be  considered  to 
be  a  radiating  directional  coupler,   Under  certain  conditions  it  would  thus 
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be  possible  for  more  coupled  energy  to  be  radiated  than  transmitted  to  the 
terminals.   For  these  reasons  a  study  was  made  of  the  modification  of  the 
radiation  pattern  due  to  the  presence  of  parasitic  elements.   This  study 
will  be  the  basis  for  a  subsequent  report,  however  representative  radiation 
patterns  indicating  the  general  magnitude  of  pattern  distortion  are  included 
in  the  present  paper, 
2,2   The  Phase  Center 

In  the  parallel  array  the  effective  spacing  of  the  antennas  is  simply 
the  separation  between  the  axes  of  the  cones .   In  the  conical  array  the 
effective  separation  is  the  spacing  in  wavelengths  between  the  phase  cen- 
ters of  the  antennas.   Thus  a  knowledge  of  the  relative  position  of  the 
phase  center  is  required  to  calculate  conical  array  patterns .   In  this 
section  we  shall  outline  a  general  application  of  the  "backward-wave  con- 
cept'" to  the  conical  log-spiral  antenna  and  in  so  doing  develop  a  quasi- 
empirical  formula  for  the  location  of  the  phase  center  of  the  radiated 

field, 

12 

Mayes,  Beschamps,  and  Patton    introduced  the  basic  idea  that  the  loga- 
rithmic periodic  antenna  could  be  considered  to  be  a  locally  periodic  struc- 
ture whose  period  varies  slowly,  increasing  linearly  with  the  distance  to 
the  point  of  excitation.   It  was  pointed  out  that  for  normal  operation  there 
is  a  radiation  region  with  a  phase  of  excitation  such  that  the  structure  will 
radiate  toward  the  f eedpoint ,   Among  such  structures  the  backward  wave  zig- 
zag antenna  is  the  counterpart  of  the  log-periodic  zig-zag,  and  the  backward 
wave  bifilar  helix  the  periodic  counterpart  of  the  conical  log-spiral  antenna 
To  apply  this  concept  to  the  conical  log-spiral  antenna,  it  is  instructive  to 
consider  some  of  the  techniques  which  have  been  useful  in  the  study  of 
helices  „ 

Consider  the  truncated  portion^of  'the  wire  version  of  the  conical  log- 
spiral  antenna  shown  in  Figure  3,   This  structure  is  of  the  same  basic  geo- 
metry as  the  helix,  and  a  local  period  of  the  structure  can  be  defined  in 
terms  of  a  helix  with  parameters  equivalent  to  the  corresponding  log-spiral 
parameters  averaged  over  that  period,   The  study  of  periodic  structures  such 
as  the  helix  has  been  facilitated  for  a  number  of  years  by  the  use  of  Bril- 
louin  or  "k-p"  diagrams  to  display  the  frequency  variation  of  the  propagation 
constant  along  the  structure.   Recently  this  approach  has  been  applied  to 
radiating  structures  } 


V, 


P  c        27Ta 


cosa       cosa         X, 


ka 


Figure  3.   Truncated  Portion  of  Conical  Log-Spiral  Antenna 
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The  solution  of  the  determinantal  equation  for  the  real  phase  constants 
on  the  helix,,  as  a  function  of  ka,  requires  that  the  fields  go  to  zero  ampli- 
tude as-  the  distance  extends  to  infinity,   As  a  result  we  require 

I  (3  a  I  >  ka  (9) 


where  (3   is  the  phase  constant  of  the  nth  space  harmonic  on  the  structure, 
k  is  the  phase  constant  of  wave  propagation  in  free  space  and  "a"  is  the 
radius  of  the  helix.   Thus  there  are  regions  in  the  k-(3  diagram  where  the 
roots  of  the  transcendental  equation  are  real,  corresponding  to  slow  waves  . 
Similarly  this  condition  produces  so-called  "forbidden  regions"  in  which 

solutions  are  complex, 

15 
The  boundaries  of  these  regions  can  be  expressed  by  the  inequalities 


*»» 


and 


ka    .  i^n  I I   I     ka  /.nn. 

cot  s  —    cot  9  —         cot  5 


ka    „  N 


cot  %   -  2 
where  for  multi-wire  helices  in  the  higher  modes 

m  =  -1  +  nN  (11) 

£  is  the  pitch  angle,  N  is  the  number  of  wires  or  arms,  and  n  is  an  integer. 

o 
For  a  two  wire  symmetrical  helix  with  the  arms  excited  with  a  180  phase 

reversal,  the  k-(3  diagram  takes  the  form  of  Figure  4. 

The  parameters  normally  plotted  for  the  helix  are  the  pitch  normalized 

to  the  wavelength  in  free  space  and  to  the  wavelength  of  the  surface  wave, 

©n  the  conical  spiral  the  pitch  distance  on  the  surface  is  p",  and 


] 

] 
] 
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p'  M        ka      ka 
X  "-"  cotT  ~  tan  a 


(12) 

RL  ~    (3a 

\    tan  a 
s 


where  a  is  the  average  radius  of  the  period  with  pitch  p",  \  the  wavelength 
in  free  space  and  \  the  wavelength  of  the  surface  wave.  These  are  the  para- 
meters used  in  Figure  4 . 

15 

Sensiper   has  shown  that  a  good  approximation  to  the  locus  of  phase 

constants  on  the  helix  for  ka  in  the  range  of  interest  here,  is  a  straight 
line  drawn  through  the  origin  with  slope 


7^  =  sin  £  (13) 

and  the  boundaries  of  the  m  =  1  forbidden  region.   Such  an  approximation 
assumes  propagation  of  energy  with  the  speed  of  light  along  the  arms .   Al- 
though the  determination  of  the  propagation  constant  along  the  surface  of  the 
cylindrical  helix  applies  to  the  infinite  structure,  it  has  been  shown  that 

the  solution  is  useful  for  interpretation  of  the  characteristics  of  the 

16  17 
finite  monofilar  endfire  helix   '    and  the  finite  backward  wave  bifilar 

18 
helix   with  thin  wire  arms . 

On  the  conical  spiral  the  ratio  of  the  velocity  of  the  slow  wave  to  that 

in  free  space  is  given  by 


ka     Pi  /  1  A  >V 

-  =  j-  =  cos  a  (14) 

The  radius  "a"  of  the  cylindrical  helix  is  a  constant,  therefore  as 
the  frequency  of  operation  is  increased  the  parameter  ka  increases.   Under 
the  above  approximation^  as  ka  is  increased  the  propagation  constant  of  the 
wave  propagating  along  the  surface  of  the  structure  away  from  the  point  of 
excitation  increases  and  as  it  approaches  that  of  the  1st  backward  space 
wave  there  will  be  strong  coupling  between  these  waves  .   When  coupling 


L3 


begins  the  propagation  constant  will  depart  from  the  straight  line  approxi 
mation.   The  slope  of  this  curve  at  any  point  on  the  curve,  is  the  ratio 
of  the  group  velocity  of  the  surface  wave,  v  ,  to  that  in  free  space  and 
hence  when 


d(ka)    ~£  =  0  (15) 


d(|3a)    v 
'       o 


propagation  in  the  surface  wave  stops.   This  point  corresponds  to  one  end 

point  of  a  stop  band.   For  ka  above  this  point  the  propagation  constant  is 

19 
complex   .   In  the  open  structure  this  implies  a  transfer  of  energy  to  the 

backward  space  wave,  and  experimental  evidence  indicates  that  the  effective 
phase  center  of  the  antenna  is  located  in  this  region  in  normal  backward 
wave  radiation .   As  ka  is  increased  further  it  is  possible  to  force  the 
beam  to  scan  through  the  visible  region  of  the  spectrum. 

In  the  above  discussion  we  have  considered  operating  conditions  with  a 
change  in  ka  .   On  a  periodic  structure  such  as  the  helix,  with  constant  ra- 
dius and  pitch  angle,  a  change  in  ka  implies  a  change  in  the  frequency  of 
operation.   On  the  conical  log-spiral  antenna  the  spiral  angle  a  is  constant 
but  the  radius  "a"  is  a  linearly  varying  function  of  the  distance  from  the 
apex  along  the  conical  surface.   Thus  a  change  of  ka  can  result  from  either 
a  change  in  position  on  the  cone  or  from  a  change  in  frequency.   Further, 
on  the  structure  of  infinite  length  any  particular  value  of  ka  can  be  found 
for  any  frequency  of  operation.   Thus,  to  consider  the  behavior  of  the  struc- 
ture one  of  these  two  variables  must  be  held  fixed.   Again,  we  will  consider 
only  those  waves  predicted  by  the  straight  line  approximation  above,  since 
there  is  experimental  evidence  indicating  that  only  the  lowest  order  mode, 
consistent  with  the  excitation  and  winding  of  the  arms,  contributes  signifi- 
cantly to  the  radiation  pattern  of  the  two  arm  balanced  conical  antenna  when 

.,  .,20 

operated  such  that  there  is  negligible   end  effect 

If  we  assume  operation  at  a  fixed  frequency,  a  wave  propagating  along 

the  arms  away  from  the  apex  implies  an  increasing  ka .   Hence  at  some  point 

on  the  structure,  the  propagation  constant  of  the  surface  wave  associated 

with  the  flow  of  energy  along  the  arms  increases  until  there  is  coupling  of 

energy  to  the  backward  space  wave  and  rapid  radiation.   Experimental  evidence 


14 

indicates  that  the  position  of  the  phase  center,  expressed  in  wavelengths 
to  the  apex,  remains  essentially  fixed.,    Therefore  since  a/\   at  the  phase 
center  remains  constant,  ka  remains  constant  for  all  frequencies  of  opera- 
tion, excluding  those  frequencies  where  normal  operation  is  distorted  by  the 
finite  truncations  of  the  antenna,  i.e.  end-effect.   The  operating  point  of 
the  frequency  independent  antenna  does  not  scan  along  the  line  ka  =  (3a  cos  a 
with  a  change  in  frequency;  instead  the  parameters  ka  and  (3a  scale  with 
frequency . 

In  Figure  4  if  we  calculate  an  expression  for  the  intersection  of 
the  asymptote 

ka  =  pa  cos  a  (16) 

and  the  edge  of  the  m  =  1  forbidden  region,  we  obtain  the  expression 


1  +  cos  a 


(17) 


which  is  the  circumference  such  that  the  antenna  is  phased  to  radiate  back- 
ward* along  the  surface  of  the  cone.   However,  a  study  of  the  symmetry  of  the 
conical  antenna  indicates  that  all  radiation  from  that  along  the  surface  of 

the  cone  out  to  that  at  an  angle  of  9  from  the  surface  will  radiate  in  the 

o 

backward  direction.   Thus  it  can  be  shown  that  the  average  circumference,  of 
the  period  such  that  the  following  relationship  is  satisfied  is  the  approxi- 
mate region  on  the  conical  log-spiral  structure  that  is  phased  for  backward 
radiation . 

!ln  a  ■    <  ka  < ^2-2 (18) 

1  +  cos  a  —    —  1  +  cos  a  cos  0 

o 

If  the  efficiency  of  excitation  of  the  first  backward  space  wave  is 
high  enough,  it  can  be  postulated  in  the  light  of  the  above  discussion  that 
the  radiating  region  is' confined  to  approximately  that  circumference  which 
satisfies  Equation  (18)  .   However,  Sensiper  has  shown  that  the  approximation 
due  to  the  use  of  the  asymptote  and  the  region  boundaries  results  in  a  ka 


For  example  see  Figure  10, 


15 

that  is  slightly  high  since  the  coupling  between  these  waves  forces  the  curve 
down.  Thus,  this  intersection  point  can  be  considered  as  only  an  upper  bound 
for  the  start  of  the  backward  wave  radiating  region. 

The  measured  .phase  centers  of  several  antennas  with  narrow  constant  width 

o  o       o 

arms  and  with  cone  and  spiral  angles  varying  from  15  <  2  0  <  30  and  60  <  a 

o 
<  83   are  plotted  in  Figure  5.   These  phase  centers  occur  at  a  ka  below  the 

intersection  point  and  their  location  on  the  k-(3  diagram  may  be  approximated 

by  a  straight  line. 

The  orientation  of  this  line  is  interesting.   The  distance  between  the 

intersections  of  the  asymptote  for  that  particular  antenna  and  this  line,  and 

the  edge  of  the  m  =  1  forbidden  region  is  directly  related  to  the  beamwidth  of 

the  antenna.   As  this  distance  decreases  more  of  the  active  region  is  moved 

into  the  visible  region  of  the  spectrum  and  more  energy  is  radiated  at  an  angle 

o 
from  the  surface.  Wire  antennas  wound  with  an  a  of  60  have  a  wide  beamwidth 

(on  the  order  of  110  to  120  )   while   those  -with  a  =  83   have  patterns  with 

beamwidths  on  the  order  of  70  degrees .   The  line  also  implies  that  at  a  spiral 

o 
angle  a  of  45   the  antenna  at  the  phase  center  (and  hence  we  could  expect  the 

major  portion  of  the  active  region)  is  phased  to  radiate  at  an  angle  from  the 

axis  of  the  antenna.   In  agreement  with  this,  it  has  been  determined  that  thin 

o 
wire  antennas  wound  with  an  a  of  45  have  multiple  sidelobes  and  a  major  portion 

of  the  radiation  directed  in  an  endfire  direction. 

The  data  plotted  in  Figure  5  is  for  wire  antennas .   From  pattern  informa- 
tion, and  a  previous  study  of  the  near  fields  on  the  planar  antenna,  we  might 
expect  the  slope  of  the  approximate  locus  of  the  phase  centers  for  antennas 
with  wider  exponentially  expanding  arms,  to  become  more  negative  and  thus 
more  nearly  parallel  to  the  region  boundary,  with  a  minimum  change  for  large  a. 

If  we  calculate  an  expression  for  the  intersection  of  the  phase  center 

line  and  the  asymptote,  taking  into  account  the  cone  angle  0  we  get  the 

o 

approximate  expression 

1 .2  sin  a  /-,  ^n 

ka  ~  — — —  (19) 

1.4  +  cos  a  cos  0 


Equations  (17)  and  (19)  have  been  plotted  in  Figure  6.   Families  of  curves, 
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Figure  6.   Approximate  Circumference  in  Wavelengths  at  the  Phase  Cente] 
of  Balanced  Wire  Arm  Conical  Log-Spiral  Antennas  (N=2,  m=l) 
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one  for  each  value  of  0   could  be  plotted,  but  for  antennas  that  are  good 

o  o 

unidirectional  radiators  the  cone  angle  varies  as  10  <  2  9  <  45   and 

—    o  — 

therefore  ,996  <  cos  0  <  ,924,   Thus  cos  0  «  l   and  it  is  felt  that  the 
—      o  —  o    ' 

single  curves  are  sufficient. 

For  normal  frequency  independent  operation,  the  circumference  at  the 
phase  center  should  lie  within  this  bounded  region.   Present  information 
indicates  that  it  will  lie  on  or  near  the  lower  boundary, 

A  recent  study  of  the  near  fields  on  the  conical  log-spiral  antenna 
by  McClelland  indicates  good  agreement  between  the  measured  characteristics 

of  the  near  fields  and  those   predicted i  in   terms  of  the  applications 

21 
of  the  above  concepts , 
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3,   EXPERIMENTAL  CONSIDERATIONS 

The  conical  log-spiral  antenna  with  controlling  parameters  and  an  asso- 
ciated coordinate  system  is  shown  in  Figure  7,   For  the  present  investigation 
a  series  of  antennas  with  parameters  20  =  15  ,  D  .  17 .5  cm,  d  -  4.5  cm, 
h  =  47.3  cm  and  a  =  60,  73,  and  83   were  used.   The  antennas  were  constructed 
from  1/4  inch  copper  tubing  supported  by  1/2  x  1  inch  wood  struts  as  shown 
in  Figure  8.   The  feed  cable  RG-141/U  was  carried  through  one  of  the  arms 
to  the  apex  of  the  cone . 

All  measurements  were  made  at  a  frequency  of  610  mc  which,  for  these 
antennas  was  near  the  low  end  of  the  range  of  frequencies  where  the  antennas 
could  be  expected  to  operate  in  a  frequency  independent  manner.   Thus  the 
active  region  was  at  the  lower  portion  of  the  antenna  and,  in  the  case  of 
parallel  antennas,  the  coupling  could  be  expected  to  be  the  tightest. 

The  approximate  half-power  beamwidth  of  the  radiation  patterns  of  these 
antennas  is  shown  in  Table  I  . 

TABLE  I 
HALF-POWER  BEAMWIDTH  OF  RADIATION  PATTERN  OF  CONICAL  ANTENNA 


28   =15,  1/4  copper  arms,  D  =  17.5  cm,  d  =  4.5  cm,  f  =  610  mc 


a 

<P-. 

=  0 

<P  = 

90 

Ee 

V 

*e 

V 

60° 

118 

116 

117 

137 

73° 

77 

83.5 

78 

85 

83° 

64.5 

65 

63,5 

70 

These  values  of  the  half -power  beamwidth  are  only  approximate  since  there 
is  some  variation  in  beamwidth  with  the  angle  (p.      For  the  individual  antenna, 
<p  =  0  is  arbitrarily  taken  to  be  the  plane  of  the  feed  gap  between  the  ends 
of  the  antenna  arms  at  the  truncated  apex  of  the  cone.   Thus  initially  the 
two  arms  lie  perpendicular  to  the  <f>  =  0  plane. 
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Figure  7.   A  Conical  Antenna  with  Associated  Coordinate  System 
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The  apparent  phase  centers  of  the  individual  antennas  referred  to  in 
Figure  5  were  determined  by  mounting  the  antenna  in  question  on  a  vertical  rotating  mast 
with  the  axis  of  the  antenna  perpendicular  to  the  mast  and  measuring  the 
phase  of  the  received  signal  from  a  distant  transmitting  antenna,   The 

center  of  rotation  of  the  antenna  was  adjusted  for  a  minimum  phase  varia- 

o 
tion  over  a  120  sector  in  the  direction  of  the  radiated  beam.   Over  most 

of  this  sector  an  apparent  phase  center  on  the  axis  of  the  antenna  was  well 
defined.   For  the  three  antennas  in  Figure  8,  the  distance  from  the  phase 
center  to  the  true  apex  of  the  cone  is  shown  in  Figure  9  for  the  range  of 
parameters  of  interest,   This  distance  in  wavelengths  is  also  plotted  as  a 
function  of  frequency,  for  one  value  of  the  spiral  angle  a,  in  Figure  10, 
The  distance  to  the  phase  center  in  wavelengths  remains  essentially  con- 
stant with  a  change  in  frequency  of  operation. 

The  position  of  the  phase  center  was  initially  measured  for  two  ortho- 
gonally oriented  incident  waves  (E   and  EJ  ,   For  these  antennas,  the  apparent 

8      y' 
phase  center  differed  by  considerably  less  than  1/10  wavelength  for  the  two 

polarizations,   Moreover,  since  the  phase  center  for  d.  circularly  polarized 
incident  wave  was  measured  to  be  the  average  of  the  two  positions  for  ortho- 
gonal linearly  polarized  waves,  measurements  were  confined  to  this  condition, 

A  schematic  diagram  of  the  experimental  set  up  used  to  measure  the  coef- 
ficient of  coupling  and  mutual  impedance  is  shown  in  Figure  11,   The  voltage 
probes  at  plane  B  were  loosely  coupled  to  the  transmission  line  and  carefully 
balanced.   The  measurement  of  the  input  impedance,  Z1  }    and  the  coefficient 
of  coupling^  k',  (equal  to  the  complex  ratio  of  V ' /V ' )  at  reference  plane  B 
was  by  means  of  established  methods  » 

For  a  fixed  arbitrary  length  of  lossless  transmission  line  Equation  (8) 
will  provide  the  terminal  impedance  Z   ,   However  for  a  systematic  study  of 
this  impedance  these  equations  involve  a  great  deal  of  computation,   If  the 
transmission  line  can  be  any  desired  length,  it  is  convenient  to  make  it  a 
multiple  of  \/2  ,   For  i   s  I      =   n\/2  it  can  easily  be  shown  that  Z   =  Z' 
and  Z12  .  Zia. 

For  the  present  study,  the  feed  lines  were  constructed  to  be  a  multiple 
of  a  half-wavelength  for  all  measurements  except  one,   As  a  check  on  the 
transformation  equations,  Z!   was  measured  at  the  end  of  an  arbitrary  length 
of  line  and  transformed  to  the  apex  terminals,   These  results  were  checked 
against  measurements  made  with  i  =  n\/2. 
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Figure  9.   Phase  Center  Location  in  Wavelengths  from  the  Vertex  of  15 
Conical  Wire-arm  Antenna  Versus  Spiral  Angle 
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Figure  10.   Phase  Center  Location  in  Wavelengths  from  the  Vertex  of  a 
15  Conical  Wire-arm  Antenna  as  a  Function  of  Frequency, 
a  =  73° 
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4  =   MEASUREMENTS 

4.-1   Coefficient  of  Coupling 

4-1,1   Parallel  Arrays 

The  magnitude  of  the  coupling  coefficient  for  parallel  antennas  is 
plotted  in  Figure  12 ■   The  measured  coupling  is  low,  approximately  -27  db 
for  a  of  60  ,  and  -41  db  for  a  of  73°  and  83°  at  S  ^  \/2 ,   The  antennas 
having  a  wider  beamwidth(a  -  60  )  are  more  closely  coupled  than  those  with 
a  narrower  beamwidth ,   There  is  some  scatter  of  the  measured  points  for 
larger  separations,   This  was  attributable  to  back  scatter  at  the  site, 
Although  the  antennas  were  outdoors,  it  was  determined  that  there  is  ap- 
proximately a  5  db  possible  error  due  to  the  site  for  separations  on  the 
order  of  a  wavelength  or  more  where  the  coupling  level  was  -50  db  or  greater. 

The  coupling  for  a  =  60  and  73   decreases  approximately  6  db  each  time  the 

o 
spacing  is  doubled,   For  a  ™  83   the  measured  decrease  is  somewhat  greater 

possibly  due  to  the  increased  directivity  of  these  antennas. 

The  variation  in  terminal  coupling  as  a  function  of  relative  rotation 

of  one  of  the  antennas  is  plotted  in  Figure  13,   These  antennas  are  more 

closely  coupled  when  oriented  in  a  like  manner,  and  loosely  coupled  when 

o 
rotated  90  with  respect  to  each  other.   The  major  portion  of  this  variation 

was  traceable  to  coupling  between  the  truncated  tips  of  the  antennas ,   At 
the  tip  truncation,  the  arms  leave  the  spiral  geometry  and  effectively  be- 
come a  small  dipole  lying  in  a  plane  perpendicular  to  the  axis  of  the  cone. 
When  the  antennas  were  oriented  for  (j>  =  0  these  "dipoles"  were  parallel  and 
the  total  measured  coupling  is  due  to  this  dipole  feed  and  the  conical  spiral 
arms.   This  is  shown  quite  well  in  Figure  14,  where  contrawound  antennas 
were  pointed  directly  at  each  other  and  one  rotated  with  respect  to  the 
other.   Maximum  coupling  occurs  when  the  dipole  feeds  are  parallel  and 
minimum  coupling  occurs  when  they  are  orthogonal, 

The  truncated  tip  of  these  antennas  was  ,1\  at  the  frequency  that  all 
measurements  were  made,,  and  although  the  variation  in  coupling  with  rota- 
tion, and  the  general  level  of  coupling  as  well,  depends  upon  the  size  of 
this  tip  truncation,  it  was  felt  that  these  data  are  representative.   The 
conical  antenna  will  rarely  be  used  in  arrays  at  frequencies  such  that  the 
tip  truncation  is  greater  than  ,2\  and  in  most  applications  it  will  probably 
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Figure  12.  Magnitude  of  Coupling  Coefficient  Measured  Between 
Parallel  Antennas  as  a  Function  of  Spacing  Between 
Antennas  in  a  Parallel  Array 
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Figure  13.   Coupling  as  a  Function  of  Rotation  in  a  Parallel  Array 
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■'igure  14.   Coupling  Between  Contrawound  Antennas  Directed  at  Each 
Other  to  Indicate  Dipole  Coupling  Effect 
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be  less  than  .IX..   Thus  the  general  level  of  coupling  measured  should  be 
representative  or  even  conservative  .   Although  a  rotation  of  these  antennas 
to  phase  an  array  would  cause  as  much  as  10  db  variation  in  the  coupling;, 
the  general  level  of  coupling  is  so  low  that,  as  indicated  later,  the  change 

in  mutual  impedance  is  small  compared  to  the  self  impedance  of  the  antennas . 

th 

Figure  15  indicates  that  the  coupling  from  the  n   to  the  n  +  1  and  at 

least  to  the  n  ■;-  2  element  must  be  considered,   It  is  interesting  to  note 

o 

that  there  is  almost  a  90  shift  between  curves  B  and  C,   This  shift  varied 

o       o  o  o 

from  90   for  83   antennas  to  only  20   for  a  =  60   antennas .   The  period  of 

curve  C  shifts  slightly  along  the  horizontal  axis  with  rotation  of  the  center 

antenna^  indicating  that  there  must  be  some  coupling  through  or  reradiation 

from  the  center  antenna  as  well  as  direct  coupling  between  the  outside  antennas 

Again  the  general  level  and  variation  with  rotation  is  influenced  by  the 

"dipole  feed"  „ 

Terminal  coupling  between  right  and  left  hand  wound  antennas  shown  in 
Figure  16  is  on  the  same  order  of  magnitude  as  that  between  like  antennas, 
with  the  coupling  between  the  contrawound  antennas  actually  a  little  higher 
for  close  spacing,   The  term  contrawound  is  used  in  this  paper  to  mean  an 
antenna  with  a  winding  of  the  opposite  sense  to  that  of  the  antenna  to  which 
it  is  coupled o   It  is  not  used  to  mean  one  antenna  with  arms  wound  in  both 
a  right  and  left  hand  direction  ,   The  character  of  the  curves  is  undoubtedly 
a  function  of  the  reflections  at  the  site  which  return  with  the  opposite  sense 
of  polarization,   The  dashed  lines  may  be  a  more  valid  estimate  of  the  true 
coupling.   In  Figure  17  the  data  measured  as  a  function  of  rotation  does  not 
exhibit  a  well-defined  character  and  again  the  variations  are  probably  due 
in  part  to  reflected  energy, 

4,1,2  Conical  Arrays 

The  coupling  between  conical  log-spiral  antennas  in  a  conical  array 
is  considerably  greater,  as  shown  in  Figure  18.   Data  was  taken  for  a  range 
of  4*,  the  array  angle,   For  minimum  41,  approximately  17  ,  the  struts  of  these 
antennas  were  just  touching.   In  this  position  the  separation  angle  between 
the  surface  of  the  cones  was  2  degrees,   Unlike  the  parallel  case,  the  sur- 
faces of  the  cones  are  now  closely  coupled  over  the  portion  of  the  antenna 
that  supports  a  strong  surface  wave.   In  addition  the  tip  of  the  parasitic 
antenna  is  in  strong  fields  radiated  back  toward  the  tip  of  the  driven  element 
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Figure  15.   Coupling  Between  the  n*   and  n+2  Element  in  a  Parallel 
Array 
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Figure  16.   Coupling  Between  Contrawound  Antennas  as  a  Function  of 
Spacing  in  a  Parallel  Array 
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Figure  17.   Coupling  Between  Contrawound  Antennas  in  a  Parallel 
Array  as  a  Function  of  Relative  Rotation 
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Figure  18.   Magnitude  of  Coupling  Coefficient  Measured  Between 
Antennas  in  a  Conical  Array  as  a  Function  of  the 
Array  Angle 
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Measured  values  of  terminal  coupling  were  approximately  -18,  -26,  and  -35  db 
for  a  of  60  ,  73  ,  and  83  .   As  the  radiation  patterns  indicate  in  a  later 
section,  in  this  case  more  of  the  coupled  energy  appears  to  be  reradiated 
than  reflected  back  to  the  feed. 

As  the  array  angle  was  increased,  coupling  decreased  to  a  minimum  at 

o 
an  angle  of  approximately  35  to  50  depending  upon  the  spiral  angle  a. 

A  further  increase  in  4*  increased  the  coupling  due  to  the  fact  that  the 

antennas  were  tending  to  radiate  more  energy  toward  each  other.   In  the 

i       ° 
limit  when  ^  -  180  there  is  maximum  coupling. 

This  curve  should  be  interpreted  in  conjunction  with  the  radiation  pat- 
terns which  indicate  that  the  array  angle,  4^  will  normally  be  limited  to 

o 
around  60  or  less  to  maintain  reasonably  low  side  lobes.   Since  S  is  a 

function  of  tyf    the  dual  scales  on  several  later  figures  (Figures  29,  30,  31) 

may  be  used  as  nomograms  to  convert  to  spacing  in  wavelengths . 

,  Figure  19  indicates  less  variation  with  rotation  than  for  the  parallel 

configuration.   The  increase  in  variation  with  increasing  a  is  due  in  part 

to  the  fact  that  these  curves  are  taken  with  \/2   between  phase  centers,  and 

hence  the  array  angle  (and  of  more  significance,  the  separation  angle  between 

the  surfaces  of  the  cones)  is  smaller  for  the  a  =  83   antennas.   Figure  20 

indicates  that  in  this  array  as  well,  the  coupling  to  the  second  antenna  in 

an  array  is  on  the  same  order,  of  magnitude  as  the  coupling  to  the  nearest 

neighbor.   For  small  array  angles  the  coupling  between  contrawound  antennas 

in  a  conical  array  shown  in  Figures  21  and  22  is  on  the  same  general  level 

as  that  for  identical  antennas.   It  however  does  not  increase  with  an  increase 

in  the  array  angle  since  the  two  antennas  are  of  opposite  sense  of  polarization. 

4.2  Mutual  Impedance 

4.2.1  .Parallel  Arrays 

The  real  and  reactive  parts  of  Z    and  of  the  mutual  impedance,  Z   , 

measured  between  parallel  antennas  are  shown  in  Figure  23  through  28.   As 

the  coefficient,  of  coupling  indicates,  the  mutual  impedance  is  low,   For 

an  a  equal  to  or  greater  than  73   the  real  and  reactive  parts  of  the  mutual 

impedance  between  antennas  with  the  same  sense  of  winding  are  less  than  1 

ohm =   For  antennas  with  opposite  sense  of  winding  they  are  less  than  2  ohms. 
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Figure  19.   Coupling  as  a  Function  of  Rotation  in  a  Conical  Array 
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Figure  20.   Coupling  Between  the  n    and  n+2  Element  in  a  Conical 
Array 
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Figure  21.   Coupling  Between  Contrawound  Antennas  in  a  Conical 
Array  as  a  Function  of  the  Array  Angle 
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Figure  22.   Coupling  Between  Contrawound  Antennas  in  a  Conical 
Array  as  a  Function  of  Relative  Rotation 
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Figure  23.   Mutual  Impedance  as  a  Function  of  Spacing  in  a 
Parallel  Array,  a  =  60    (The  subscript  C  indi- 
cates values  measured  between  contrawound  antennas) 
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Figure  24.   Mutual  Impedance  as  a  Function  of  Spacing  in  a 
Parallel  Array,  a  =  73 
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Figure  25.   Mutual  Impedance  as  a  Function  of  Spacing  in 
Parallel  Array,  a  =  83 


42 


10 

1        1        ! 

1      '      1 

HA 

— 

- 

X*"*N 

A  A 

- 

8 

a =60°    , 

f             \ 
\ 

*r-Q 

- 

/ 

\ 

A  ^ 

_ 

/ 

\ 

© 

6 

-                 / 
/ 

\ 
\ 

x-€-X|2C 

4 

~x      / 

\ 



*    \     / 

7r^\^Rl2C 

2 

\  Vi- 

* ^-R  12 

- 

// 

\ 

- 

0 
-2 

'^l, 

// 

\ 

\ 

\ 
\ 
\ 

- 

/\        *^r 

\ 

-4 

-          /  X / 

\ 

— 

-6 
-  ft 

/ 
/ 

/ 

V*I2 

- 

-10 

"ill 

1       i       1 

1             1 

- 

90  180  270  360 


RELATIVE    ORIENTATION  OF   PARASITIC    ANTENNA 


Figure  26.   Mutual  Impedance  as  a  Function  of  Rotation  in 
a  Parallel  Array,  a  =  60 
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Figure  27.   Mutual  Impedance  as  a  Function  of  Rotation  in 
a  Parallel  Array,  a  =  73 
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Figure  28.   Mutual  Impedance  as  a  Function  of  Rotation  in 
Parallel  Array,  a  =  83 
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The  real  part  of  the  self  impedance  of  the  antennas  for  these  cases  lies 
between  110  and  160  ohms.   The  subscript  "c"  on  all  graphs  of  measured  im- 
pedance indicates  measured  values  between  contrawound  antennas  . 

4.2.2   Conical  Arrays 

As  shown  in  Figures  29  through  34,  the  mutual  impedance  between  ele- 
ments in  a  conical  array  is  larger  than  it  is  in  the  parallel  array.   Figures 
29  through  31  should  be  interpreted  in  the  light  of  pattern  considerations 

which  will  limit  the  normal  range  of  the  array  angle  ty   to  approximately  60 

o       o 
or  less .   In  this  range  the  mutual  impedance  is  quite  low  for  the  73   and  83 

antennas .   At  spacings  up  to  S  =  \/2   there  is  little  difference  in  the  general 

level  of  the  mutual  impedance  between  the  same  or  oppositely  sensed  antennas . 

4.3   Radiation  Patterns 

4.3.1   Parasitic  Arrays 

The  radiation  patterns  of  the  individual  antennas  are  shown  in  Figures 
35-40.   Also  shown  is  the  distortion  in  the  individual  element  pattern  due 
to  the  presence  of  a  parasitic  antenna  in  parallel  and  conical  arrays.   For 
all  patterns  the  feed  line  to  the  parasitic  element  was  terminated  in  its 
characteristic  impedance.   There  was,  however,  some  mismatch  between  the 
line  and  the  antenna.   All  patterns  in  this  report  are  electric  field  pat- 
terns and  those  in  Figures  35-40  were  taken  in  the  plane  of  the  array. 
The  axial  ratio  is  recorded  on  the  axis  of  the  active  element  unless  stated 
otherwise.   The  term  parasitic  array,  used  to  identify  the  patterns,  is  used 
to  mean  one  driven  element  with  one  or  more  parasitic  elements  present. 

For  parallel  antennas  the  principal  charge  is  the  introduction  of  some 
squint  in  the  E  pattern  taken  in  the  plane  of  the  array  and  a  broadening 
of  the  beamwidths  in  this  plane  at  a  spacing  of  one  half  wavelength.   As 
the  separation  is  increased  this  pattern  modification  diminishes  until  at 
one  wavelength  the  patterns  are  very  similar  to  the  single  element  pattern. 
Pattern  modification  is  less  when  the  parasitic  antenna  is  one  with  an 
opposite  sense  of  polarization. 

As  previously  pointed  out,  when  the  antennas  are  placed  in  a  conical 
array  the  separation  between  the  surface  of  the  elements  is  reduced  and 
there  is  consequently  considerably  stronger  coupling.   For  the  smallest 


array  angle  used,  ^  =  17  ,  (i.e.,  an  angular  separation  between  the  conical 
surfaces  of  2  )  pattern  modification  is  quite  severe  for  antennas  with  the 
same  sense  of  polarization.   Modification  is  much  less  where  the  parasitic 
element  is  of  opposite  sense  although  for  this  close  spacing  the  patterns 
taken  in  the  plane  perpendicular  to  the  array  are  slightly  distorted.   In 
addition  the  axial  ratio  on  axis  may  rise  sharply  as  indicated  for  a  =  83  . 
Patterns  taken  in  the  plane  perpendicular  to  the  array  were  essentially 
unchanged  for  the  same  sense  antennas . 

As  the  array  angle  is  increased  the  pattern  distortion  rapidly  diminshes 
and  for  a  separation  angle  of  only  10  the  element  pattern  is  modified  only 
slightly  by  an  oppositely  sensed  parasitic  element. 

As  indicated  in  Figures  41  and  42,  the  presence  of  a  second  parasitic 
element  restores  symmetry  to  the  pattern. 

Although  the  terminal  coupling  varies  considerably  with  rotation  of  the 
parasitic  element,  the  effect  of  such  rotation  on  the  radiation  pattern  is 
usually  small  compared  to  the  effect  due  to  the  physical  presence  of  the 
element ,   Radiation  patterns  of  a  conical  parasitic  array  as  a  function  of 
rotation  of  the  parasitic  antenna  are  plotted  in  Figure  43, 

Most  of  the  pattern  modification  in  Figures  35-40  can  be  explained  in 
terms  of  array  theory,   For  example,  a  phase  delay  of  less  than  7T/2  in  the 
excitation  of  one  element  of  a  two  element  array  scans  the  beam  of  the  array 
toward  this  unit.   In  Figure  39,  the  separation  between  the  element  phase 
centers  is  approximately  \/4,  for  4*  =  17  .   The  radiation  patterns  taken  in 
the  plane  of  the  array  in  this  case  are  approximately  those  of  a  two  element 
array  with  S  =  X./4  and  a  phase  delay  of  7T/4  to  one  element  ,   This  would  in- 
clude that  a  significant  portion  of  the  energy  is  coupled  to  the  parasitic 
element  and  reradiated  with  a  phase  delay.   The  excitation  of  an  array  with 
an  equivalent  phase  advance  to  one  element  scans  the  beam  in  the  opposite 
direction,,   In  the  parallel  parasitic  array  in  Figure  36  the  energy  coupled 
to  the  parasitic  antenna  is  delayed  180  by  the  separation.   A  further  delay 
in  reradiating  the  energy  will  appear  as  a  phase  advance  to  that  element. 
The  result  is  a  squint  away  from  the  parasitic  antenna.   The  fact  that  a 
rotation  of  the  parasitic  element  has  only  a  secondary  effect  would  indicate 
that  the  net  phase  delay,  excluding  element  separation,  in  the  excitation  of 
and  reradiation  from  the  parasitic  element  is  approximately  the  same  for  any 
orientation „ 
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Figure  31.   Mutual  Impedance  Vs  Array  Angle  in  a  Conical 
Array,  a  =  83 
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Figure  34.   Mutual  Impedance  Vs  Relative  Rotation  in  a 
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Conical  Array,  a  =  83 
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4,3.2   Driven  Arrays 

The  electric  field  radiation  pattern  of  the  isolated  antenna  may  be 
approximated  very  well  by  a  function  such  as  (cos  0)  .   For  convenience 
in  estimating  the  power  n,  when  the  element  pattern  is  approximated  by  the 
simple  function  cos   9,  values  of  half-power  beamwidth  versus  n  are  plotted 
in  Figure  44.   The  radiation  pattern  of  a  parallel  two  element  in-phase 

array  with  half-wavelength  spacing  was  calculated  using  an  assumed  element 

1 .5 
function  of  cos    .   As  shown  in  Figure  45  this  calculated  pattern  is  in 

good  agreement  with  the  measured  pattern  except  that  it  is  approximately 

one  degree  narrower  at  the  half-power  points.   Since  Figure  36  indicates 

that  the  element  pattern  is  broadened  when  the  element  is  placed  in  a  linear 

n 
array  a  new  element  function  was  assumed  by  fitting  a  cos   0  curve  to  these 

patterns.   A  calculated  array  pattern  using  cos "   (0  +  4  )  +  .04  for  E  , 

.9  ~  9 

and  cos   0  for  E  ,  was  approximately  1  degree  wider  than  the  measured  patterns. 
0 

The  measured  patterns  for  a  similar  parallel  array  with  spacings  from 
\/2   to  2\  are  shown  in  Figure  46.   The  axial  ratio  on  the  maximum  of  the  main 
beam  and  the  half-power  beamwidths  of  the  main  beam  have  also  been  plotted. 

Figure  47  shows  the  radiation  pattern,  the  axial  ratio  in  the  direction 
of  the  maximum  of  the  main  beam  and  the  half-power  beamwidth  of  the  main 
beam  of  the  two-element  array  as  it  is  phased  by  the  rotation  of  one  element . 
A  three  element  in-phase  array  is  shown  for  various  element  spacings  in 
Figure  48 .  '  These  arrays  all  have  predictable  patterns  and  the  measured 
patterns  are  included  only  for  reference  purposes . 

The  geometry  of  a  conical  array  is  indicated  in  Figure  49  where  the 
electri.c  field  at  a  distant  point  is  given  approximately  by 

n  /«    "K   Pd  sin  +/2  sin  6        n  /«    *K   "(3d  sin  ^/2  sin  6  ,on^ 

E  =  cos   (0  +  — )  eK  +  cos   (0  -  — )  e  K  (20) 

n     41 
where  cos  (0  ■+  — )  is  the  assumed  element  function,  d  is  the  separation  between 

element  phase  centers,  *|<  is  the  array  angle,  and  0  the  angle  from  the  axis  of 

the  array  in  the  plane  of  the  array. 

The  radiation  pattern  of  a  two  element  in-phase  conical  array  was 

calculated  from  Equation  (20)  using  n  =  1.5  and  ty   =   34°  (S  =  ,5\)  .   This 

pattern  is  compared  to  the  measured  patterns  in  Figure  50.   The  half-power 


63 


Figure  44.   Half  Power  BeamWidth  of  the  Element  Function  cos   6 
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Array,  S  =  \/2,    £ 


73 


65 


ouva  ivixv 


H    O 


S33U93Q   Nl  H1QIMWV39    d    H 


T 


^ 


™       ^ 

< 


* 


^ 


^0 

0 

CO 

-P 

t* 

at 

a 

d 

C 

o 

•v 

n 

-P 

-tt- 

cd 

•H 

-D 

rt 

CM 

« 

-©- 

66 


1        1        1        1        1        1        1        1        1 

b        b 
-e-       -©- 

-©-              CD 

UJ              UJ 

1/ 

: 

i        i        i,i 

i      i        i        i       i 

S33U93Q   Nl  HlQIMWV3a     d   H 


u    u 

a    aj 

>     CD 

c 

-s   -H 

>,  <-t 

a  >w 

Sh 

^0 

<;  ro 

f- 

<D      II 

rH       d 

Ctf 

*H         -v 

cS    CM 

ft    \ 

^ 

+-> 

C     II 

0) 

S   co 

0) 

w    • 

-P 

0    c 

S     0» 

H     E 

a> 

<H     rH 

O     W 

W       0) 

C     C! 

f-    O 

0 

+->     tH 

0; 

■P      O 

a 

aj 

od 

ft     C 

H 

0 

& 

C     -H 

O    -t-> 

a 

•^     aJ 

-P    -P 

II 

a    c 

•H      CD 

-& 

-a  -h 

rf    ^ 

S 

CrJ    O 

•H 

67 


■P    c 

HO 

pa  n 
i> 


ouva  nvixv 


S33d93a   Nl   H1QIMIMV38     £  "H 


68 


/    ^ELEMENT    PHASE 
1/  CENTER 


^  /3d  sinif//2   sin0 

E  =  cosn  {6  +  */2)e 


+  cosn  {8-\j//z)e 


-/3d   sin^/2    sin0 


Figure  49.   Geometry  of  Two  Element  Conical  Array 
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beamwidth  of  the  measured  E  pattern  is  within  one  degree  of  the  calculated 

9 
pattern  and  there  is  reasonable  agreement  between  the  patterns  for  0+40 

o 
degrees  „   Beyond  0  =  40  the  measured  patterns  are  somewhat  narrower  than 

calculated o   The  E   array  pattern  is  somewhat  narrower  than  calculated; 

0 
better  agreement  could  be  secured  by  using  a  slightly  modified  element 

function . 

Measured  patterns  for  an  in-phase  conical  array  with  variable  spacing 
are  shown  in  Figure  51,   Data  on  a  phased  array  of  2  elements  is  shown  in 
Figure  52  and  on  a  three  element  in-phase  array  in  Figure  53, 

When  interpreting  the  conical  array  patterns  it  should  be  noted  that 
a  change  in  the  array  angle  ^,    which  brings  about  a  change  in  the  spacing 
between  the  phase  centers  of  the  elements  is  not  equivalent  to  a  change  in 
the  element  spacing  in  a  parallel  array.   In  a  parallel  array  the  change  in 
radiation  characteristics  with  frequency  can  be  simulated  by  maintaining  the 
frequency  constant  and  varying  the  element  spacing,,  provided  the  element 
pattern  does  not  change  with  frequency.   In  a  conical  array  this  is  not 
true  since  a  change  in  4*  changes  the  element  pattern  with  respect  to  the 

array  geometry „   The  element  pattern  can  be  approximated  by  a  function  such 

n      4* 
as  cos   (0  +  — )  o   Thus  a  change  in  S^  and  hence  4J<,  effectively  changes  this 

function  as  well  as  changing  the  element  spacing.   The  array  patterns  show 

i  ° 

a  sharp  decrease  in  beamwidth  with  increasing  4^  up  to  approximately  70 

the  maximum  angle  investigated^  and  incidentally  increasing  S „ 

That  the  conical  array  geometry  does  preserve  the  beamwidth  of  the 

array  with  changing  frequency  of  operation  is  shown  in  Figure  54,   The 

conical  array  half -power  beamwidth  remains  essentially  constant  (within 

the  limits  of  the  pattern  range)  over  a  two  to  one  change  in  frequency, 

The  half-power  beamwidth  of  a  linear  array  of  the  same  elements  decreased 

40  percent.   In  addition  a  four  element  array^  a  "conical  quad-spiral  array" 

22 
has  been  constructed  to  cover  a  10  to  1  range  of  frequencies   ,   This  par- 
ticular array  has  a  nominal  directivity  of  12  db  over  a  circularly  polarized 
isotropic  source. 
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Figure  54.   Half -power  Beamwidth  of  Two  Element  Parallel  and  Conical  Arrays 
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5  >   CONCLUSIONS 

A  consideration  of  the  conical  log-spiral  antenna  as  a  locally  periodic 
slow  wave  structure  has  led  to  somewhat  better  understanding  of  its  charac- 
teristics and  operation.   Under  this  concept  an  approximate  expression  for 
the  location  of  the  phase  center  of  the  antenna  has  been  obtained. 

An  experimental  investigation  of  the  coupling  between  conical  log- 
spiral  antennas  indicates  (1)  that  coupling  is  low;  on  the  order  of  -30  db 
or  greater  for  element  to  element  spacing  of  X/2  or  more  in  a  parallel  array, 
(2)  This  coupling  varies  with  rotation,,  being  a  minimum  for  a  90   rotation 

between  elements .   (3)  Coupling  is  on  the  order  of  10  db  greater  in  the 

o 
conical  array .   Minimum  coupling  for  15   cones  occurs  at  an  array  angle 

of  approximately  35  to  50  depending  upon  the  spiral  angle  a,   (4)  Changes 

in  the  basic  element  pattern  caused  by  the  presence  of  other  elements  are 

minor  for  an  element  to  element  spacing  of  at  least  one-half  wavelength, 

and  consist  mainly  of  a  broadening  of  the  element  pattern  beamwidth  in  the 

plane  of  the  array .   (5)  A  good  approximation  to  the  array  pattern  of  small 

arrays  may  be  gained  from  the  use  of  the  isolated  element  pattern  function. 
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APPENDIX  A 


1.    To  determine  Z   and  Z   from  Z'   and  Z8  :   Given  measured  quantities 


zii  and    t 


L± 


at    some   reference   plane  B  on   the   transmission   line.      We   see   from  Figure   2a 
that    for 


IJ.O 


(A.l) 


ZA2OC   "   "J    Zo   COt   ^2 


(A.2) 


ZAl0C  =   Zll    "    Z22   +   Z 


(A, 3) 


ZAl0C  +   J    Zo    tan   P'l 
Zll=ZBiOC-Zo      ZQ   +    j    Z 


;an  £>£  ± 


(A, 4) 


and 


Z'   =  Z' 
12    11 


(?) 


(A, 5) 


where  Z    ,  Z    }    and  Z  n   are  the  impedances  to  the  right  at  planes  A  > 
A   and  B  with  I'  =  0.  z\-,>    v'  and  v-!  are  measured  at  reference  planes  B 


and  B  ,   From  (A „4) 


Zii  "  J  Zo  tan  •»! 


(A, 6) 


j  Z^  tan  (3ix 
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From    (A, 3) 

Zll   Z22   +   Zll   ZA2OC   "   Z22   ZAl0C   "    \oC  \<K   "    ^   "    °  <A'7> 


Now   consider   the   equivalent    circuit   of   Figure   2b  which   includes   i      and  i 


For   V '    =    0 


\    =ZBlSC  =  zn-4- 


and 


A2SC 


also 


From    (A .10) 


(A. 9) 


Z12    (Z22    "   Z12   +   ZA  SC) 

za  sr  =  (zn   ~  zi9}  +  7 TJ (A°10) 

A1SC  U  12  Z22   +   ZA  SC 


Z'       (Z'       -    Z?    ) 
ZBSC  ■    ^    -    Zl2>^      "        Z-9         ^  W.ll) 

1  <s<& 


ZBlSC   -    J    Zo    tan  <"l 
ZAlSC   -  Zq    -    j    Z  tan   &T      Zo  '  * l~  * 


Zll   Z22  +   ZU    \SC   "    Z22   ZAlSC  "   ZAlSC  \SC   "    "12"    =   °  (A-13) 


Equating    (A. 7)    and    (A, 13) 
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ZA  SC  ZASC  "  ZA  OC  ZA  OC 

(A,  14) 


11     (ZA2SC  "  ZA2OC)  *  (ZAi0C  -  ZA1SC) 


Substitution  of  Equation  (A, 2),     (AS),     (A. 9),     (A, 8),,  and  (A, 12)  leads  to 
Equation  (7) „ 
From  (A, 7) 

\z      -  Zll2  +  Zll  VOC  "  »11  ZA  OC  "  ZA  OC  \0C  <*•"> 

2,  1         1      A 


Substitution  of  Equation  (A»2)  and  (A .6)  leads  to  Equation  (8) 


2,    To  determine  Z '  ,  ZI0^  and  Zno  from  tne  terminal  quantities  and  feed 
\Z  2i2t  i  Z 


line  lengths: 

From  Figure  2 


and 


V   =  Z    I   +  Z    I 
1     11   1     12   2 


V   -  Z    I   +  Z    I 
2     21   1     22   2 


Vs  =  Z'   I1  +  Z'   I» 
1     11   1     12   2 


V  '  =  Z  '   I  '  +  Z  ?   I! 
2     21   1     22   2 


(A. 16) 


(A. 17) 


For  Zno  =  Zon  and  I»  =  0 

12     21       2 


ZA  OC  =  "j  Zo  COt  ^2  (A"18) 

2 


Now  with  V •  =  0 


With  I«  =  0 


*J 


VC     U    Z22  +  ZA2OC 


ZA  00  +  J  Zo  tan  f"l 


A1SC     »    Z22  +  ZA2S0 


«...-«     1 


ZA  SO  +  J  Zo  tan  ^1 


HI 


(A, 19) 


=  Z (A, 20) 

11    BW    o  Zo  +  j  Z^  tan  (^ 


V  Z'  2 

^4  =  Z_  „„  =  Z*.  -  -i2_  (A. 21) 


i;   Blsc   ii  z22 


ZA2SC  =  J  Zo  tan  P'2  <A'22) 


......    ■»" 


(A  .23) 


°  Zo  +  j  ZAlSC  tan  ^1 


ZAl0CL=-J  ZoCOt  ^1  (^24) 


Note:   the  subscript  L  indicates  the  impedance  looking  to  the  left,   All  previous 
impedances  have  been  to  the  right  . 


A2OCL    22    Zu  +  ZA^CL  (A. 25) 
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ZA2OCL  %  J  Zo  tan  ^2 

:B  GCL  -  Zo  Z  +  j  Z  QCL  tan  pi 
2 


(Ao26) 


=  Z 


22 


From  Equations  (A. 18),  (A. 19),  and  (Ao20) 


K 


12 


1    Z22  "  J  Zo  COt  -2 


w)+   j  Zo  tan  pi  J 


11 


Eo^(«ii- 


12 


Z22  "  j  Zo  COt  ^2 


)  tan  ^2  j 


(A, 27) 


From  Equations  (Ao24),  (A ,25),  and  (A, 26) 


22 


'o   [(Z22   -   zu   -   if   Cot   g  )   +  J    Zo   ta"  P'j 
[Zo  +  JC 


22    Z    -  j  Z 


Z      Cot  pi  )  *•»("»] 


(A,28) 


and  from  (A, 21),  (A. 22),  (A. 23),  and  (A,24) 


z!  =  (z*  z«  -  z    z*  )1//2 

12      11   22     B^C    22 


(A. 29) 


1/2 


12 


12 


z»   z,   _  z,    i  z 

11   22     22  <  o 


11    Z22  +  j  Zo  tan  ^2 


j  Zq  tan  (3i1 


(A, 30) 


so  +  j  (z 


12 


11    Z22  +  J  Zo  tan  Pi2 


j  tan  pi 
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